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(54) Method and sensor for detecting the binding of biomolecules by shear stress measurement 



(57) A method and sensor for detecting the binding 
of probes and target biomolecules by measuring a dif- 
ference in the shear stress of the biomolecules bound 
to the surface of the sensor before and after hybridiza- 



tion of the target molecules to the probes, such as nu- 
cleic acids or proteins are provided. The shear stress 
can be measured sensitively and conveniently as an 
electrical signal without additional fluorescent labeling 
and without use of expensive additional devices. 
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Description 

BACKGROUND OF THE INVENTION 

1 . Field of the Invention 

[0001] The present invention relates to a method for 
detecting the binding of biomolecules, and more partic> 
ularly, to a method and sensor for detecting the binding 
of probes and target biomolecules on a bio-chip by 
measuring the shear stress on a sensor substrate, to 
which the biomolecules are bound, before and after hy- 
bridization of the target molecules to the probes. 

2. Description of the Related Art 

[0002] Bio-chips, which are constructed by attaching 
a number of DNA or protein probes having a comple- 
mentary sequence that can bind to target molecules of 
interest on a substrate at a high density, are used for 
analyzing a gene expression pattern, deficiency, protein 
distribution, or reaction pattern in the target sample. Bio- 
chips can be classified into micro-array chips with 
probes immobilized on a solid surface and labs-on-a- 
chip with probes immobilized on micro-channels ac- 
cording to the way probes are attached. Bio-chips also 
can be classified into DNA-chips, protein-chips, etc., ac- 
cording to the kind of the probes. Those bio-chips need 
a system for detecting the binding of biomolecules in a 
sample to the probes immobilized on a substrate in or- 
der to identify whether a target biomolecule of interest 
exists In the sample. 

[0003] Most currently available DNA chips for gene 
array fluorescently detect target molecules in a sample. 
U.S. Patent No. 6,141,096 discloses such an optical bl- 
omolecular detection method involving labeling sample 
DNAs with fluorescent dye, reacting the sample DNAs 
with probes immobilized on a chip, and detecting the 
samples DNAs which are fluorescently labeled and 
bound to the surface of the chip using a confocal micro- 
scope or CCD camera. However, it is difficult to apply 
the optical detection method to micro-sized chips. 
[0004] U.S. Patents Nos. 6,096,273 and 6,090,933 
disclose electrochemical methods for detecting DNA hy- 
bridization using metallic compounds that are suscepti- 
ble to oxidation and reduction. The metallic compounds 
form metal-DNA complexes through hybridization, and 
the metal-DNA complexes are electrochemically detect- 
ed (Anal. Chem., Vol. 70, pp. 4670-4677, 1998; J. Am. 
Chem. Soc, Vol. 119, pp. 9861-9870, 1997; Analytica 
Chimica Acta, Vol. 286, pp. 219-224, 1994; Bioconju- 
gate Chem.. Vol. 8, pp. 906-913. 1997). However, the 
electrochemical method also inconveniently needs an 
additional labeling process. 

[0005] Further, assay methods using no labels such 
as fluorescent dye have been developed. For example, 
a method for detecting the binding of biomolecules by 
measuring a difference in mass before and after binding 



using a quartz crystal microbalance is disclosed in Anal. 
Chem., Vol. 70, pp. 1288-1296, 1998. Assay methods 
involving matrix assisted laser de^orptlon/ionization 
(MALDI) mass spectrometry are disclosed in Anal. 
5 Chem., Vol. 69, pp. 4540-4546, 1997 and U.S. Patent 
No. 6,043,031. 

[0006] Micromechanical methods capable of detect- 
ing even a single base mismatch are disclosed in Sci- 
ence, Vol. 288, pp. 316-318, 2000 and Proc. Natl. Acad, 
fo Sci. USA, 98, 1560, 2001 , which use a microfabricated 
cantilever as a mechanical sensor for detecting the mo- 
lecular binding force before and after binding of DNA 
probes and target molecules. However, the method 
needs an expensive separate laser device In order to 
precisely measure the deflection of cantilever beams. 
[0007] Therefore, there is a need to develop a method 
for sensitively and efficiently detecting the binding of bi- 
omolecules directly as an electrical signal without using 
expensive additional devices, such as a laser device. 

20 

SUMMARY OF THE INVENTION 

[0008] Accordingly, the present invention provides a 
method for detecting the binding of probes and target 
25 biomolecules as an electrical signal without additional 
labeling. 

[0009] The present Invention also provides a shear 
stress sensor used In the above method for detecting 
the binding of probes and target molecules. 

30 [0010] In one aspect, the present invention provides 

a method for detecting the binding of probe biomole- 
cules and target biomolecules, comprising: (a) immobi- 
lizing probe biomolecules on a surface of a sensor sub- 
strate; (b) loading a sample containing target biomole- 
cules onto a sample plate arranged parallel to and facing 
the surface of the sensor substrate; (c) adjusting the dis- 
tance between the sensor substrate and the sample 
plate to correspond to the size of the biomolecules; (d) 
reacting the probe biomolecules on the sensor substrate 
with the target biomolecules of the sample; and (e) 
measuring a change in the shear stress on the surface 
of the sensor substrate before and after the reaction in 
step (d). 

[0011] In the method according to the present inven- 
tion, the change in the shear stress is measured from a 
phase shift and a force change in the vibrations of the 
sensor substrate or using the elastic shear modulus and 
the viscous shear modulus of biomolecules bound to the 
sensor substrate. Briefly, a general shear stress meas- 
uring method (J. Van Alsten, and S. Granick, Rev. Sci. 
Inst, 62, 463, 1991) involves oscillating signal input vi- 
brating units in a sinusoidal mode and measuring a 
phase shift or a force change in signal output vibrating 
units from the input and output vibration measurements. 
Such a phase shift or force change is greatly affected 
by the viscosity or molecular structure of substances im- 
mobilized on the surface of the sensor substrate. Based 
on this, the binding of the probe biomolecules and the 
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target molecules can be detected In the present inven- 
tion. 

[0012] In the method according to the present inven- 
tion, the distance between the sensor substrate and the 
sample plate is adjusted to correspond to the known size 
of the biomolecles that are supposed to bind to the sen- 
sor substrate, and preferably, to correspond to the size 
of the biomolecules actually bound to the sensor sub- 
strate by measuring a normal force in the biomolecules 
bound to the sensor substrate while reducing the dis- 
tance between the sensor substrate and the sample 
plate. 

[0013] In the method according to the present inven- 
tion, available probe and target biomolecules include 
DNA oligomers, nucleic acids such as c-DNA, proteins 
such as antigens and antibodies, cofactors, oligosac- 
charides, and cells. The probe molecules need to be 
able to selectively bind to the target molecules of inter- 
est. 

[0014] In another aspect, the present invention pro- 
vides a shear stress sensor comprising; a signal input 
unit which generates vibrations; a signal output unit 
which retards the vibrations of the signal Input unit; a 
sensor substrate which bridges the signal input unit and 
the signal output unit; a sample plate arranged parallel 
to and facing a surface of the sensor substrate; a unit 
which adjusts the distance between the sensor sub- 
strate and the sample plate; and a signal detector unit 
which measures a phase shift and a force change from 
the vibrations of the signal Input and output units. 
[0015] In the sensor according to the present inven- 
tion, any mechanism capable of inducing the signal in- 
put and output units to periodically vibrate and capable 
of measuring the amounts of vibrations can be applied 
to the signal input and output units. It is preferable that 
the vibrations of the signal input and output units be in- 
duced by a piezoelectric voltage, electrostatic capaci- 
tance, an electromagnetic current, or thermal expan- 
sion. 

[0016] In the sensor according to the present inven- 
tion, a plurality of sensor units, each of which includes 
the signal input unit, the signal output unit, and the sen- 
sor substrate, can be arrayed. This array structure of the 
shear stress sensor can be effectively used for bio-chips 
including a number of probes immobilized on the chip. 
[0017] In the sensor according to the present inven- 
tion, the unit which adjusts the distance between the 
sensor substrate and the sample plate can be any ap- 
paratus capable of adjusting the distance between the 
sensor substrate, on which probes molecules are immo- 
bilized, and the sample plate and, preferably, comprises 
a capacitance measuring apparatus. It is important to 
precisely adjust the distance between the sensor sub- 
strate and the sample plate since the shear stress of the 
biomolecules bound to the sensor substrate depends on 
the distance between the sensor substrate and the sam- 
ple plate. The distance adjusting unit adjusts the dis- 
tance between the sensor substrate and the sample 



plate to correspond to the size of the biomoiecules 
bound to the sensor substrate. 

[0018] In the sensor according to the present inven- 
tion, the signal detector unit can be implemented with 
5 any apparatus capable of measuring a phase shift or 
force change from the vibrations of the signal input and 
output units or capable of measuring the elastic shear 
modulus or viscous shear modulus of the sensor sub- 
strate. For example, the signal detector unit can be Im- 
10 plemented with a lock-in amplifier. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0019] The above features and advantages of the 
15 present invention will become more apparent by de- 
scribing in detail exemplary embodiments thereof with 
reference to the attached drawings in which: 

FIG. 1 is a schematic view of a shear stress sensor 
using piezoelectric vibrating plates according to an 
embodiment of the present invention; 

FIG. 2A illustrates a method for immobilizing vari- 
ous kinds of probes on a shear stress sensor array 
according to the present invention, and FIG. 2B il- 
lustrates a method for hybridizing the probes of FIG . 
2A to a target sample of interest; 

FIG. 3 is a schematic view of a sensor array accord- 
ing to the present Invention including a number of 
sensor units each of which has the structure of the 
sensor of FIG. 1 ; 

FIG. 4 is a schematic view of a shear stress sensor 
array using electrostatic vibrating plates according 
to another embodiment of the present invention; 
FIG. 6 illustrates the compress force (upper graph) 
and the shear stress (lower graph) of DNA monol- 
ayers, comparatively before and after hybridization, 
which were measured a modified surface force 
measuring apparatus operating according to the 
principles of the sensor of FIG. 1 ; 

FIG. 6 comparatively illustrates the elastic shear 
modulus (upper graph) and the viscous shear mod- 
ulus (lower graph) of ss- and ds-DNA monolayers, 
which were measured by applying shear stresses 
of various frequencies while the distance between 
a sensor substrate and a sample plate was fixed to 
31± 2A; and 

FIG. 7 comparatively illustrates the elastic shear 
modulus and viscous shear modulus of ss- and 
ds-DNA oligomers with respect to shear amplitude 
variations, which were measured while the distance 
between the sensor substrate and the sample plate 
was 31 ± 2A. 

DETAILED DESCRIPTION OF THE INVENTION 

[0020] Hereinafter, embodiments of the present in- 
vention will be described In detail with reference to the 
appended drawings. 
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[0021] FIG. 1 is a schematic view of a shear stress 
sensor using piezoelectric vibrating plates according to 
an embodiment of the present invention. As shown in 
FIG. 1 , a shear stress sensor 1 includes a support sub- 
strate 2, two vibrating plates 3 and 3' attached to the 
support substrate, and a sensor substrate 4 bridging the 
two vibrating plates 3 and 3'. One vibrating plate 3 is 
used as a signal input unit, and the other vibrating plate 
3* is used as a signal output unit. The vibrating plates 3 
and 3’, for example, piezoelectric bimorphs, are vibrated 
by piezoelectric force and the vibration motion is detect- 
ed by a signal detector 5 which measures a phase shift 
or force change in a sinusoidal signal output from the 
two vibrating plates 3 and 3‘. DNA or protein probes that 
specifically bind to a target sample are Immobilized on 
a surface of the sensor substrate 4. A sample plate 6 on 
which the target sample is to be loaded and the sensor 
substrate 4 are arranged parallel to each other . The dis- 
tance between the sensor substrate 4 and the sample 
plate 6 can be adjusted by vertically moving the support 
substrate 2 or the sample plate 6 using a mechanical 
apparatus (not shown), for example, a capacitance 
measuring apparatus 7. 

[0022] FIG. 2A illustrates a method for immobilizing 
various kinds of probes on a shear stress sensor array 
according to the present Invention, and FIG. 2B illus- 
trates a method for hybridizing the probes of FIG. 2A to 
a target sample of interest. In FIG. 2A, the various kinds 
of probes 8 are immobilized on the sensor array 1 having 
the vibrating plates 3 and 3' by putting the array sensor 
1 Into a multi-well probe container 9. In FIG. 2, the array 
sensor 1 with the immobilized probes are put into a sin- 
gle-well container 1 0 containing the target sample to hy- 
bridize the target sample to the immobilized probes. A 
sample plate (not shown) is located on the bottom of the 
signal-well container 10. After hybridization, the array 
sensor 1 is washed, and the shear stress of the hybrid- 
ized biomolecules is measured In a buffer solution. 
[0023] FIG. 3 is a schematic view of a sensor array 
according to the present invention including a number 
of sensor units each of which has the structure of the 
sensor of FIG. 1. In FIG. 3, a pair of bars corresponds 
to one sensor unit including the signal input unit 3, the 
signal output unit 3', and the sensor substrate bridging 
the signal input and output units 3 and 3’, as shown in 
FIG. 1. 

[0024] FIG. 4 is a schematic view of a shear stress 
sensor array using electrostatic vibrating plates accord- 
ing to another embodiment of the present invention. In 
FIG. 4, a shear stress sensor 11 includes two vibrating 
plates 1 3 and 1 3', plates 1 2 and 1 2* fixed adjacent to the 
respective vibrating plates 13 and 13’, and a sensor sub- 
strate 14 bridging the vibrating plates 13 and 13'. The 
vibrating plates 1 3 and 1 3' of the shear stress sensor 1 1 
oscillate by electrostatic force rather than piezoelectric 
force in the shear stress sensor 1 of FIG. 1 . The vibra- 
tions of the vibrating plates 13 and 13* are detected by 
measuring a difference In capacitance between the vi- 



brating plates 13 and 13* and the respective plates 12 
and 12*. 

[0025] The principles of measuring shear stress in a 
sensor array according to the present invention will be 
5 described briefly (J. Van Alsten, and S. Granick, Rev. 
Sci. Inst, 62, 463, 1991). While oscillating one vibrating 
plate acting as a signal Input unit In a sinusoidal mode, 
the vibrations of the other vibrating plate acting as the 
signal output unit are electrically measured, and an in- 
10 tensity deflection or phase shift in the input and output 
measurements is read. The intensity deflection or phase 
shift is greatly affected by the viscosity or molecular 
structure of substances immobilized on the surface of 
the sensor array. The shear stress of elastic solids is 
15 proportional to strain according to the Hook's law, while 
that of liquids is proportional to shear rate according to 
the Newton's law. The shear stress of viscoelastic liq- 
uids Is expressed by elastic shear modulus (or storage 
modulus) as an elastic component and viscous shear 
^0 modulus (or loss modulus) as a viscous component or 
dissipative component. The elastic component and de- 
formation are in phase, and the viscous component is 
proportional to shear rate, i.e., deformation rate. 

[0026] The local viscosity as a function of flow dls- 
25 tance of molecules on a surface is cannot be measured 
accurately. However, the effective viscosity as a flow re- 
sistance can be measured from the viscosity component 
of the shear stress and is defined as viscous stress/ef- 
fective shear rate. The effective shear rate corresponds 
30 to the maximum shear amplitude or thickness of molec- 
ular layers. 

[0027] The present invention will be described in 
greater detail with reference to the following examples. 
The following examples are for illustrative purposes and 
35 are not intended to limit the scope of the in invention. 

Example 1: immobilization of Thiol-substituted DNA 
oligomer probes 

40 [0028] To measure the difference in shear stress be- 
fore and after hybridization, a surface force measuring 
apparatus which is modified to measure lateral (shear) 
forces (Granick, S. Science, 1 991 , 253, 1374) was used. 
According to a general surface force measuring method, 
45 muscovite mica was cleaved into step-free, smooth sub- 
strates in an automated manner. Silver (Ag) was depos- 
ited on one cleaved surface of each of the mica sub- 
strates to a thickness of 660A by sputtering, and a lens 
having a radius of curvature (R) of 2cm was attached 
50 to the outer surface of the mica substrate having the Ag- 
coated inner surface using glue. 

[0029] Thiol-substituted DNA oligomer probes were 
immobilized on the inner Ag surface of one of the mica 
substrate. The gap between the two mica substrates 
55 was measured by multiple beam interferometry (Journal 
of Colloid and Interface Science, 1993, 44(2), 259, and 
J, Phys. Chem. B., 2000, 104, 7652). In a general ex- 
periment for measuring surface forces, two mica sub- 
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strates are disposed such that their Ag surfaces face 
outward and a liquid sample is applied between the in- 
ner surfaces of the mica substrates. However, according 
to the present invention, the mica substrates were as- 
sembled such that the Ag surface of one mica substrate 
faces the non-Ag surface (or bare mica surface) of the 
other mica substrate, so that self-assembled monolay- 
ers of the DNA probes that will bind to target molecules 
are immobilized on the inner Ag surface of one mica 
substrate. 

[0030] When the distance between the two mica sub- 
strates was 300A, the silica substrates jumped into flat 
contact by strong van der Waals interaction, indicating 
that the opposite Ag surface and non-Ag surface of the 
mica substrates are very clean. Constructive interfer- 
ence wavelengths measured at several contact points 
between the Ag surface and non-Ag surface remained 
almost constant within the range of 2-4A. Although the 
roughness of the Ag surface Ag layer was estimated to 
be 1 5-2 oA, the distance between the two surfaces could 
be exactly measured. The refractive index of a DNA 
probe solution, which is required for calculating the 
thickness of the self-assembled monolayers, was sup- 
posed to be 1 .46 (Jordan, C. E.; Frutos, A. G.; Thiel, A. 
T; Corn, R. M. AnaL Chem. 1997, 69, 4939). 

[0031] An oligonucleotide region of the iduronate- 
2-sulphate (IDS) exon gene causing Hunter's syndrome 
was used for the oligomer probes; the sequence of the 
oligonucleotide region was SH-Cg'S’-GTr CTT CTC 
ATC ATC-3'. The oligomer probes were purchased from 
Research Genetics (Huntsville, AL), and their 5' -ends 
were substituted with alkane thiol spacers each having 
a molecular weight of 4651 g/mol. The inner Ag surface 
of the mica substrate was soaked in a 1 -mM solution of 
thiol-substituted single-stranded DNA (ss-DNA) probes 
in 1M NaH 2 P 04 (pH 4.0) for 3 hours to adsorb the 
ss-DNA probes onto the inner Ag surface. Next, the in- 
ner Ag surface was washed with buffer solution and then 
deionized water and dried with nitrogen gas. The phy- 
sisorbed DNA probes were removed from the inner Ag 
surface, and the inner Ag surface was soaked in 1 mM 
mercaptohexanol and HS-(CH 2 )eOH for 10 minutes in 
order for the ss-DNA probes to extend toward the bare 
mica surface of the opposite mica substrate, washed 
with deionized water, and dried with nitrogen gas. 

Example 2: Probe Hybridization to Complementary 
Sequence 

[0032] For hybridization, the ss-DNA probes were re- 
acted in a 1 5-mM solution of ss-DNA oligomers having 
a complementary sequence to the probes, i.e., 3'-CAA 
GAA GAG TAG TAG-5’), in TE-1M NaC! buffer (10 mM 
Tris-HCI, 1 mM EDTA, 1 M NaCI) at 38°C and pH 7.6 
for 2 hours, washed with 38®C-TE-1M NaCI buffer and 
then deionized water, and dried with nitrogen gas. 



Example 3. Normal Force Measurement 

[0033] Normal force was measured using a modified 
surface force measuring apparatus, which operates ac- 
5 cording to the principles of the sensor of FIG. 1 (S. Gran- 
ick, Science, 253, 1374, 1991, J. Peachey, J. Van Al- 
ston, and S. Granick, Rev. Sci. Inst, 62,463, 1991). After 
the adsorption of the thiol-substituted oligomer probes 
on the inner Ag surface of the mica substrate as self- 
10 assembled monolayers, the compressive force of the 
self-assembled probe monolayers before and after hy- 
bridization of the target sample to the same were meas- 
ured. 

[0034] One droplet of 1M NaCI solution was dis- 
15 pensed between the two opposite inner surfaces of the 
mica substrates, while the ss-DNA probes were immo- 
bilized on the Ag surface of one mica substrate or were 
hybridized with the target sample. At this time, the Ag 
surface of one mica substrate on which the thiol-substi- 
tuted DNA probes were immobilized or which includes 
the thiol-substituted DNA probes hybridized with the tar- 
get sample was placed above and facing the bare mica 
surface. 

[0035] As a result of an experiment conducted for 
comparison, the DNA probes were found not to adsorb 
onto the bare mica surface, which is negatively charged 
in water. Therefore, the thiol-substituted DNA oligomer 
probes have one end tethered to the Ag surface and 
rarely nonspecifically adsorb on the opposite bare mica 
surface. 

[0036] In the state where the Ag surface and the bare 
mica surface were spaced longer than 1 mm apart, one 
droplet of 1 M NaCI solution was applied between the 
two opposite surfaces, and the thickness of the DNA 
monolayer between the two opposite surfaces was 
measured by multiple beam interferometry while nar- 
rowing the gap between the two surfaces by applying a 
force to springs which support the base of the mica sub- 
strate with the bare mica surface. The distance by which 
the two mica substrates were actually moved was com- 
pared with the distance by which the two mica sheets 
are nominally supposed to be moved, using the applied 
force and the elastic constant of the springs. As a result, 
the force-distance curve in the upper graph of FIG. 5 
was obtained. 

[0037] FIG. 5 shows the data measured using a mod- 
ified surface force measuring apparatus operating ac- 
cording to the principles of the sensor of FIG. 1 (S. Gran- 
ick, Science, 253, 1374, 1991, J. Peachey, J..Van Al- 
sten, and S. Granick, Rev. Sci. Inst, 62, 463, 1991). In 
particular, the compressive force (upper graph) and 
shear stress (lower graph) of the self-assembled mon- 
olayers of thiol-substituted oligomer probes immobilized 
on the Ag surface before and after hybridization to a 
complementary sequence were measured. In FIG. 5, 
the rectangular symbol (■) is for the ss-DNA probes in 
0.1 M NaCI, the triangular symbol (A) is for the ss-DNA 
probes in 1.0 M NaCI after an addition of excess mer- 
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captohexanol, and the circular symbol (#) is for the dou- 
ble^stranded DNA (ds-DNA) probes in 1 .0 M NaCI after 
hybridization. In the upper graph of FIG. 5, Y-axis rep- 
resents the compressive force (F/R) normalized with re- 
spect to the radius of curvature of the lens, and X-axis 5 
represents the thickness of the molecular monolayer be- 
tween the Ag surface and the bare mica surface. In the 
lower graph of FIG. 5, Y-axis on the left represents the 
shear stress, i.e., the effective elastic shear modulus 
(G‘), normalized with respect to effective contact area, io 
Y-axis on the right represents the elastic shear constant 
(g’) which is not normalized with respect to effective con- 
tact area, and X-axis represents the thickness of the mo- 
lecular monolayer between the Ag surface and the bare 
mica surface. The shear stress was plotted on a semi- is 
logarithmic scale. In the insect of FIG. 5, a ratio of the 
normal force (P^) to the sheer stress G' is shown. The 
shear stress was measured by applying a frequency of 
1.3 Hz, and the effective contact area was calculated 
using Langbein approximation (A^f^ ~ 2n RD ). 20 

[0038] For reference, the contour length of the 
ss-DNA 15-mer and the ds-DNA in the experiment was 
estimated to be 77 A and 63A, respectively As is Indi- 
cated by the rectangular symbol (■) in the upper graph 
of FIG. 5, when only thiol-substituted ss-DNA probes are 25 
immobilized on the Ag surface In 1 .OM NaCI, without the 
post-treatment with mercaptohexanol, a repulsive force 
was generated when the thickness of the probe monol- 
ayer reached about 43± 2A, and the hard wall thickness 
of the probe monolayer at which no compression occurs 30 
any longer was 26± 2A. 

[0039] When the Ag surface of the mica sheet having 
the immobilized ss-DNA probes was treated with mer- 
captohexanol, as indicated by the triangular symbol (A), 
since the ss-DNA probes extended toward the opposite 35 
bare mica surface, the thickness of the probe monolayer 
at which a repulsive force in the probes is generated in- 
creased to about 80± 2A, and the hard wall thickness 
increased to about 26± 2A, which are both greater than 
those of the ss-DNA probe monolayer before treatment ^0 
with mercaptohexanol. 

[0040] After formation of the double-stranded DNA 
(ds-DNA) probes through hybridization, as indicated by 
the circular symbol (• ), the repulsive force in the 
ds-DNA monolayer was generated at a thickness of ^s 
about 72+ 2A and monotonically increased as the 
ds-DNA probe monolayer was compressed to a thick- 
ness of 41± 2 A. Also, an abrupt reduction in the thick- 
ness of the ds-DNA monolayer from 41+ 2A to 30± 2A 
occurred. This is considered due to the tilting of the in- so 
dividual ds-DNA oligomers at an angle caused by an ex- 
cess normal pressure applied to the rigid ds-DNA mon- 
olayer. Therefore, the actual thickness of the ds-DNA 
monolayer is estimated to be in the range of from 41 ± 

2A to 30+ 2A. 55 

[0041] As described above, whether or not hybridiza- 
tion occurs in the silver surface of the mica substrate 
can be determined by measuring changes in the repul- 



sive force of the DNA probes Immobilized on the silver 
surface while approaching the silver surface to the op- 
posite bare mica surface of the other mica substrate. In 
other words, the thickness of ss-DNA and ds-DNA oli- 
gomer monolayers or changes in the force of the mon- 
olayers can be determined by accurately measuring 
such normal force exerted in the monolayers. However, 
it is difficult to accurately measure such normal force, 
and the difference in normal force between single- and 
double-stranded oligomers is very small compared with 
shear stress. 

Example 4: Shear Stress Measurement 

[0042] In this example, shear stress was measured to 
detect DNA hybridization, Instead of the normal force in 
Example 3. To detect DNA hybridization, the lateral stiff- 
ness of DNA molecules was measured using a shear 
stress measuring apparatus, for example, a lock-in am- 
plifier as shown in FIG. 1. The shear amplitude was 
smaller than 2k to carry out the experiment in a linear 
regime not to disturb the system operation. 

[0043] The vibrating plate 3 acting as the signal input 
unit was excited by applying various frequencies in a 
sinusoidal mode, and the vibrations of the other vibrat- 
ing plate 3' acting as the signal output unit were meas- 
ured to read the in-phase modulus (elastic force) or the 
out-of-phase modulus (viscous force) from the Input and 
output measurements. The measured elastic force is 
shown in the lower graph of FIG. 5. As is apparent from 
FIG. 5, the elastic force greatly increased after hybridi- 
zation. The reason for this is considered to be due to the 
stiffness of the hybridized ds-DNA oligomers greater 
than that of ss-DNA probes. 

[0044] Referring to the inset of FIG. 5, as is apparent 
from the normalization of the shear stress G' with re- 
spect to the normal pressure the shear stress G' is 
greater than the normal pressure Pjg. Accordingly, shear 
force is considered to be a more sensitive measure than 
normal force for hybridization detection. 

[0045] The elastic force in the lower graph of FIG. 5 
was measured by applying a constant shear amplitude 
and shear frequency while reducing the distance be- 
tween the two mica substrates. FIG. 6 comparatively il- 
lustrates the elastic shear modulus (upper graph) and 
the viscous shear modulus (lower graph) of ss- and 
ds-DNA monolayers, which were measured by applying 
shear stresses of various frequencies to the mica sub- 
strate, to which DNA molecules were bound, while the 
distance between the sensor substrate 4 and the sam- 
ple plate 6 was fixed to 31 ± 2k, which corresponds to 
the size of the DNA molecules and was determined 
based on the experimental results from FIG. 5. In FIG. 
6, the same reference symbols as in FIG. 5 denote the 
same DNA oligomers as in FIG. 5. In FIG. 6, the Y-axes 
on the left of the upper and lower graphs represent the 
effective elastic shear modulus G' and the effective vis- 
cous shear modulus G“, respectively, which were nor- 
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malized with respect to effective contact area using 
Langbein approximation. The Y-axes on the right of the 
upper and lower graphs represent the elastic shear con- 
stant g' and the viscous shear constant g”, respectively, 
which were not normalized with respect to effective con- 5 

tact area. The X-axis of the upper and lower graphs rep- 
resents the radian shear frequency. As shown in FIG. 6, 
the elastic modulus and viscous modulus of the ds-DNA 
oligomers after hybridization were greater than those of 
the ss-DNA primers before hybridization by an order of io 
magnitude. Therefore, DNA hybridization can be effec- 
tively detected by measuring those shear stresses, 
which is the essential feature of the present invention. 
[0046] FIG. 7 illustrates the elastic shear modulus and 
viscous shear modulus with respect to shear amplitude 
variations, comparatively In ss- and ds-DNA oligomers, 
which were measured while the distance between the 
sensor substrate 4 and the sample plate 6 was 31 ± 2A. 

In FIG. 7, the rectangular symbols (Band □) denote the 
elastic shear modulus and the viscous shear modulus, 20 
respectively of the ss-DNA probes in 1.0M NaCI, the 
circular symbols (• and O) denote the elastic shear 
modulus and the viscous shear modulus, respectively, 
of the ss-DNA probes in 1 .0 M NaCI after an addition of 
excess mercaptohexanol, and the triangular symbols (A 25 
and A) denote the elastic shear modulus and the viscous 
shear modulus, respectively, of the ds-DNA oligomers 
after hybridization in 1 .0 M NaCI. The elastic shearmod- 
ulus and the viscous shear modulus were normalized 
with respect to effective contact area using the same 30 
method applied to obtain the results of FIG. 6. When the 
shear amplitude was increased beyond a limit, those 
shear moduli decreased. However, even when the 
shear stress of a sample is measured in a non-linear 
regime by increasing the shear amplitude to a level of 35 
tens of nanometers, the difference in the shear modulus 
between ss-DNA probes before hybridization and 
ds-DNA oligomers after hybridization is much greater 
than an order of magnitude. 

[0047] Although in the above-described example a 40 
target sample having a perfectly matching sequence 
was used, the hybridization of a mutant sample, for ex- 
ample, having a single point mutation, to ss-DNA probes 
can be effectively detected. 

[0048] As described above, in the method for detect- ^5 
ing the binding of biomolecules, such as DNAs or pro- 
teins, according to the present invention, the binding of 
target molecules to probes on the sensor surface can 
be detected by measuring a difference in the shear 
stress of biomolecules bound to the sensor surface be- 
fore and after hybridization. Unlike conventional fluores- 
cent molecular detecting methods, the binding of bio- 
molecules can be directly detected as an electrical sig- 
nal without additional labeling. The method according to 
the present invention Is more sensitive than convention- 55 
al methods of measuring the deflection of cantilever 
beams and needs no expensive separate equipment, 
such as a laser device. 



[0049] While the present invention has been particu- 
larly shown and described with reference to preferred 
embodiments thereof, it will be understood by those of 
ordinary skill in the art that various changes in fomn and 
details may be made therein without departing from the 
spirit and scope of the present invention as defined by 
the following claims. 



Claims 

1 . A method for detecting the binding of probe blomol- 
ecules and target biomolecules, comprising: 

(a) immobilizing probe biomolecules on a sur- 
face of a sensor substrate; 

(b) loading a sample containing target biomol- 
ecules onto a sample plate arranged parallel to 
and facing the surface of the sensor substrate; 

(c) adjusting the distance between the sensor 
substrate and the sample plate to correspond 
to the size of the biomolecules; 

(d) reacting the probe biomolecules on the sen- 
sor substrate with the target biomolecules of 
the sample; and 

(e) measuring a change in the shear stress on 
the surface of the sensor substrate before and 
after the reaction in step (d). 

2. The method of claim 1 , wherein the change in the 
shear stress is measured from a phase shift and a 
force change in the vibrations of the sensor sub- 
strate or using the elastic shear modulus and the 
viscous shear modulus of the sensor substrate. 

3. The method of claim 1 , wherein in step (c) the dis- 
tance between the sensor substrate and the sample 
plate is adjusted to correspond to the size of the bi- 
omolecules by measuring a normal force in the bi- 
omolecules bound to the sensor substrate while re- 
ducing the distance between the sensor substrate 
and the sample plate. 

4. The method of claim 1 , wherein the probe and target 
biomolecules include nucleic acids, proteins, cofac- 
tors, oligosaccharides, and cells. 

5. A shear stress sensor comprising: 

a signal input unit which generates vibrations; 
a signal output unit which retards the vibrations 
of the signal input unit; 

a sensor substrate which bridges the signal In- 
put unit and the signal output unit; 
a sample plate arranged parallel to and facing 
a surface of the sensor substrate; 
a unit which adjusts the distance between the 
sensor substrate and the sample plate; and 



7 




13 



EP 1 306 449 A2 



14 



a signal detector unit which measures a phase 
shift and a force change from the vibrations of 
the signal input and output units. 

6. The sensor of claim 5, wherein the vibrations of the 5 
signal input and output units are induced by a pie* 
zoelectric voltage, electrostatic capacitance, an 
electromagnetic current, or thermal expansion. 

7. The sensor of claim 5, wherein a plurality of sensor io 
units each of which includes the signal Input unit, 

the signal output unit, and the sensor substrate are 
arrayed. 

8. The sensor of claim 5, wherein the unit which ad- ts 
justs the distance between the sensor substrate 
and the sample plate is a capacitance measuring 
apparatus. 
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